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(57) ABSTRACT

A method for the manufacture of a multilevel metal part, the
method including the steps of: a) compacting agglomerated
spherical metal powder to a green multilevel preform such
that an open porosity exists, wherein the green multilevel
preform tulfills the relation z_=z,,,.+a, b) debinding the green
preform, c¢) sintering the green preform 1n an atmosphere
including hydrogen, d) compacting the green preform with
high velocity compaction to a density of at least 95% TD, ¢)
subjecting the part to densification to a density of at least 99%
TD. There 1s further provided a multilevel metal part. Advan-
tages of the method include that 1t 1s possible to manufacture
a multilevel part which 1s essentially uniform throughout the
entire part and which has excellent tolerance, which at the
same time has virtually full density and thereby having excel-
lent mechanical properties as well as excellent corrosion
properties.

16 Claims, 9 Drawing Sheets
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MULTILEVEL PARTS FROM
AGGLOMERATED SPHERICAL METAL
POWDER

This application 1s a national phase of International Appli-
cation No. PCT/SE2010/050012 filed Jan. 8, 2010 and pub-

lished 1n the English language, which claims priority to SE
0950008-3 filed Jan. 12, 2009 and U.S. 61/144,090 filed Jan.

12, 2009.

TECHNICAL FIELD

The present invention relates generally to a method for the
manufacture of multilevel metal parts from agglomerated
spherical metal powder.

BACKGROUND

In the patent EP 1 047 518, 1t 1s shown that a hugh speed
compaction (HVC) process together with an agglomerated
spherical metal powder offer distinct advantages.

Bos et al in Powder Metallurgy vol 49, no 2, pp 107-109
discloses a process where the powder first 1s compacted tra-
ditionally and pre-sintered to burn off the lubricant. The parts
are then compacted again using HVC and finally sintered
traditionally. It 1s also stated that multilevel HVC has the
potential to attract a market segment not previously feasible
for PM.

WO 03/008131 discloses a process wherein in one embodi-
ment a multilevel preform 1s 1nserted into a cavity of a tool
and compacted by HVC. In another embodiment particulate
material 1s inserted 1nto a cavity and compacted to a pre-form.
The pre-form 1s then compacted by HVC.

US 2008/02026351 discloses a method comprising the steps
pre-compacting metal powder, pre-sintering the metal pow-
der at 1000-1300° C., and compacting the pre-form by HVC.

There 1s plenty of room for an improvement regarding
manufacture of multilevel components with HVC. This 1s due
to the fact that the high speed of the ram makes 1t difficult or
even impossible for the powder material to flow around 1n the
cavity and thereby fill up all volume 1n a tooling die with a
complicated shape such as a multilevel part. The filling of the
cavity in the tool 1s 1n traditional compactions made so that a
shoe 1s brought over the cavity, filling up the tool up to the
upper level of the tool. In a conventional tooling set there are
also often internal parts, see FIG. 1, which are moving up or
down during the pressing operation, thereby creating the mul-
tilevel pressed part. This 1s 1n practice not possible to do
during HVC or similar methods.

Another room for improvement concerns the upper limit of
densification. Due to the adiabatic effect, described in the
patent EP 1 0477 518, 1t 1s possible to reach very high densities
with HVC, way over the conventional pressing technique.
However, due to the need for debinding a binder such as a
hydrocolloid 1t 1s necessary to stop the densification at a
certain upper limit to allow the binder to evaporate during this
step.

Other undesired phenomena can also occur 1n the state of
the art at extremely high densities with the binder incorpo-
rated such as blisters in the surface.

A Turther area where there 1s a room for improvement 1s the
tolerances of a pressed multilevel part, which at the same time
has tull density and the associated desired mechanical prop-
erties.

A Turther problem in the state of the art 1s that the density of
a uniaxially compressed part differs in the part, due to factors
such as friction against the wall of the tool.
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2

It 1s well known 1n the art that 1t so far has not been possible
to use high speed compaction to compact powder materials
with a grain size of less than 1 mm to multilevel parts.

SUMMARY OF THE INVENTION

One object of the present mvention 1s to obviate at least
some of the disadvantages in the prior art and provide an
improved high speed compaction method for the manufacture
of a multilevel metal part.

In a first aspect there 1s provided a method for the manu-
facture of a multilevel metal part, said method comprising the
steps:

a. compacting agglomerated spherical metal powder to a
green multilevel preform with a density such that an open
porosity exists,

wherein the green multilevel preform has at least two difier-
ent heights 1 z-direction in a three dimensional Cartesian
coordinate system,

wherein the ratio between the highest height z, and the lowest
height z,(z,/z,) 1s at least 1.1,

wherein the green multilevel preform fulfils the relation

g <HVC'Y

wherein z,, 1s the variable height in z-direction for any point in
the xy-plane of the green multilevel preform in the z-direc-
tion,

wherein z,,,.~ 1s the variable height in z-direction for any
point 1n the xy-plane after high velocity compaction in step
(d), and

wherein a 1s a constant related to the compaction ratio.

b. debinding the green preform,

c. sintering the green preform 1n an atmosphere comprising
hydrogen with a dewpoint not exceeding —-40° C.

d. compacting the green preform umaxially along the z-axis
with high velocity compaction to a density of atleast 95% TD,
¢. subjecting the part to densification to a density of at least
99% TD.

In a second aspect there 1s provided a multilevel metal part
manufactured according to the method above.

Further aspects and embodiments are defined in the
appended claims, which are specifically incorporated herein
by reference.

One advantage of the invention 1s that it 1s possible to
manufacture a multilevel part with excellent tolerance, which
at the same time has virtually full density and thereby having
excellent mechanical properties.

Another advantage 1s that the corrosion properties are
excellent.

A further advantage 1s that the density of a part can be made
essentially uniform throughout the entire part.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention 1s now described, by way of example, with
reference to the accompanying drawings, 1n which:

FIGS. 1 a-c show conventional pressing of a multilevel
part. F1G. 1a shows the tool in filling position. Lower rams are
drawn down 1nto the die so far from its upper edge that the
compression relation between powder and pressed part
becomes correct. Then powder 1s filled 1nto the cavity of the
die. 11 denotes the upper ram, 12 denotes the die, 13 denotes
the lower rams, and 14 shows the cores. FIG. 15 shows the
tool 1n a pressing position. The upper and lower rams have
moved towards each other 1n the die to the positions corre-
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sponding the final shape of the body. FIG. 1¢ shows when the
part 1s ejected from the die. It can be seen that the part 1s a

multilevel part.

FIGS. 2a-d show an example of the calculations of the
dimensions of a part during the different steps of the method.
FIG. 2a shows the dimensions of the final product with vir-
tually 100% TD, FIG. 26 shows the dimensions after HVC
with 95% TD, FIG. 2¢ shows the dimensions after the com-
paction step a) with 85% TD, FIG. 24 shows the dimensions
of a mold for CIP, wherein the powder has 34% TD.

FIGS. 3a and b show the dimensions of a multilevel part at
different pressing stages. See the examples for further details.

FIG. 4 shows one example of a multilevel part 1 1n the tool
tor HVC compaction. The dashed line shows the dimensions
alter HVC compaction. 11 denotes the upper ram, 12 denotes
the die, 13 denotes the lower ram.

FIG. 5 shows one example of a multilevel part with a three
dimensional Cartesian coordinate system. The lowest height
in z direction z, and the highest height 1n z direction z, are
shown.

FIG. 6 shows one example of a multilevel part after
uniaxial pressing, see example 6 for turther details.

FIG. 7a-f show examples of products which can be made
according to the present invention.

DETAILED DESCRIPTION

Before the invention i1s disclosed and described 1n detail, it
1s to be understood that this invention 1s not limited to par-
ticular compounds, powders, configurations, method steps,
substrates, and materials disclosed herein as such com-
pounds, powders, configurations, method steps, substrates,
and materials may vary somewhat. It 1s also to be understood
that the terminology employed herein 1s used for the purpose
of describing particular embodiments only and i1s not
intended to be limiting since the scope of the present mven-
tion 1s limited only by the appended claims and equivalents
thereof.

It must be noted that, as used 1n this specification and the
appended claims, the singular forms “a”, “an” and “‘the”
include plural referents unless the context clearly dictates
otherwise.

If nothing else 1s defined, any terms and scientific termi-
nology used herein are intended to have the meanings com-
monly understood by those of skill in the art to which this
invention pertains.

The term “about™ as used in connection with a numerical
value throughout the description and the claims denotes an
interval of accuracy, familiar and acceptable to a person
skilled 1n the art. Said interval 1s £10%.

The term “cold 1sostatic press” 1s used throughout the
description and the claims to denote a device 1in which a
component normally 1s subjected to elevated pressure 1n a
fluid. Pressure 1s applied to the component from all direc-
tions.

The term “debinding™ 1s used throughout the description
and the claims to denote the process where the green preform
1s heated to evaporate at least a part of the binder.

The term “density” 1s used throughout the description and
the claims to denote the average density of a body. It 1s
understood that some parts of the body can have a higher
density that the average and that some parts of the body can
have a lower density.

The term “dewpoint” 1s used throughout the description
and the claims to denote the temperature at which H,O con-
densates 1into liquid state from a gas. In particular 1t 1s used as
a measurement of the H,O content of a gas such as hydrogen.
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4

The term “high speed steel” 1s used throughout the descrip-
tion and the claims to denote steel mtended for use i high
speed cutting tool applications. The term “high speed steel”
encompasses molybdenum high speed steel and tungsten
high speed steel.

The term “multilevel part™ 1s used throughout the descrip-
tion and the claims to denote a part manufactured by uniaxial
pressing with at least two different heights z along the axis in
which the compression 1s made, and wherein the ratio
between the highest height z, and the lowest height z,(z,/z,) 1s
at least 1.1. The height of a multilevel part can be defined by
an infinite number of heights in the x-y-plane.

The term “open porosity” 1s used throughout the descrip-
tion and the claims to denote a structure of void space in a part
allowing percolation.

The term “sintering” 1s used throughout the description and
the claims to denote a method comprising heating of a powder
to a temperature below the melting point of the material until
the particles adhere to each other.

The term “spherical metal powder” 1s used throughout the
description and the claims to denote metal powder consisting
of spherical metal particles and/or ellipsoidal metal particles.

The term “% TD” 1s used throughout the description and
the claims to denote percentage of theoretical density. Theo-
retical density in this context 1s the maximum theoretical
density for the material which the part 1s made of.

The term “tool steel” 1s used throughout the description
and the claims to denote any steel used to make tools for
cutting, forming or otherwise shaping a material into a part or
component.

The term ‘“‘umiaxial pressing” 1s used throughout the
description and the claims to denote the compaction of pow-
der mnto a nigid die by applying pressure 1 a single axial
direction through a rigid punch or piston.

The term *“z.” 1s used throughout the description and the
claims to denote the height of the green preform after the
compaction 1n step a) of the agglomerated spherical metal
powder. The height 1s measured 1n the z-direction which 1s the
same direction 1n which the part 1s compacted during high
velocity compaction. For a multilevel part the height 1s dif-
ferent at different points 1n the x-y-plane.

The term “z,,;.~ 1s used throughout the description and the
claims to denote the height of the part after high velocity
compaction. The height 1s measured 1n the z-direction which
1s the same direction in which the part 1s compacted during
high velocity compaction. For a multilevel part the height 1s
different at different points in the x-y-plane.

In the following, a detailed description of the invention 1s
provided. The method for the manufacture of a multilevel
metal part, comprises the steps: a. compacting agglomerated
spherical metal powder to a green multilevel preform with a
density such that an open porosity exists, wherein the green
multilevel preform has at least two different heights in a
z-direction along which it 1s compacted umaxially 1n step d),
and wherein the green multilevel preform fulfils the relation
Z7.~Zryca, wherein z, 1s the variable height 1n z-direction for
any point 1n the x-y-plane of the green multilevel preform 1n
the z-direction, wherein z.,,-~ 1s the variable height 1n z-di-
rection for any point in the x-y-plane after compaction in step
(d) wherein a 1s a constant related to the compaction ratio. b.
debinding the green preform, ¢. sintering the green preform n
an atmosphere comprising hydrogen with a dewpoint not
exceeding —40° C., d. compacting the green preform uniaxi-
ally with high velocity compactionto a density of atleast 95%
TD, and e. subjecting the part to densification to a density of

at least 99% TD.
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In one embodiment the compaction in step a) 1s performed
using cold 1sostatic pressing (CIP). This embodiment offers
advantages including that the density in the part after step (a)
1s uniform, and more uniform compared to conventional
uniaxial compression. By using CIP 1t 1s possible to manu-
facture many more geometries compared to conventional
uniaxial pressing. For some geometries, for instance such
which would require very elongated tools, the cost 1s reduced
with CIP compared to conventional uniaxial pressing. Some
geometries require tools where for instance the lower ram has
parts that are moving 1n relation to each other during conven-
tional uniaxial pressing, but such costs do not exist if CIP 1s
used instead of conventional uniaxial pressing.

In one embodiment the pressure during the CIP 1s from
1000 bar to 10000 bar. In one embodiment the pressure during
the CIP 1s from 2000 bar to 8000 bar. In another embodiment
the pressure 1s from 2000 bar to 6000 bar. The pressure of the
compaction in step a) must be adapted so that an open poros-
ity exists after the compaction 1n step a).

In one embodiment the agglomerated spherical metal pow-
der 1s dispensed by weight for each part. When CIP 1s used the
powder 1s normally dispensed by weight for each part. It 1s
possible to achieve further improved tolerances with CIP
when the powder 1s dispensed per weight because exactly the
correct amount of powder 1s provided. Compared to conven-
tional umaxial pressing where the powder 1s dispensed by
filling a volume 1n the tool this improves the precision. When
the powder 1s dispensed per weight the amount of binder must
be considered. Essentially all of the binder 1s removed during
the subsequent steps.

In one embodiment using CIP the tooling material is a
polyurethane material, which gives the possibility to make
cheap and very complicated parts by simply casting the said

polyurethane.

When CIP 1s used for step a) the comers of the part are
slightly rounded compared to for instance uniaxial pressing.
During the high velocity compaction the rounded corers
achieve their correct shape.

In one embodiment adjustments are made of the green
preform after step a). In one embodiment indents are made in
the green preform after step a).

In one embodiment the compaction in step a) 1s performed
using a method selected from the group consisting of uniaxial
pressing and cold 1sostatic pressing.

In one embodiment the compaction 1n step a) 1s performed
with uniaxial pressing with a pressure not exceeding 1000
N/mm?. In an alternative embodiment the compaction in step
a) 1s performed with uniaxial pressing with a pressure not
exceeding 600 N/mm?*. In a further embodiment the compac-
tion 1n step a) 1s performed with unmiaxial pressing with a
pressure not exceeding 500 N/mm~. In yet another embodi-
ment the compaction 1n step a) 1s performed with uniaxial
pressing with a pressure not exceeding 400 N/mm~. In still a
turther embodiment the compaction 1n step a) 1s performed
with umaxial pressing with a pressure not exceeding 300
N/mm?. The pressure of the compaction in step a) must be
adapted so that an open porosity exists after the compaction in
step a). Normal pressures are between 400 and 800 N/mm”~
due to the life length of the tool.

In one embodiment the density of the green multilevel
preform 1n step a) does not exceed 90% TD.

The density after step a) should not be too high because
substances should be allowed to evaporate during the debind-
ing step. The spherical powder shape 1s 1n itself 1deal com-
pared to 1rregular powder to facilitate the removal of 1impuri-
ties. Thus there shall be an open structure 1n the compacted
metal powder after step a) wherein the open structure allows
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the binder to evaporate during debinding. If the density
becomes too high there 1s no longer an open porosity and the
binder 1s unable to evaporate which may lead to undesired
eifects when the binder remains 1n the part. The properties of
a part will be impaired if there are left impurities from remain-
ing binder. In one embodiment the density after step a) 1s not
higher than 90% TD. In another embodiment the density after
step a) 1s not higher than 85% TD. In yet another embodiment
the density after step a) 1s not higher than 82% TD. In an
alternative embodiment the density after step a) 1s from 80%
TD to 90% TD.

During the debinding 1n step b) the binder 1s evaporated. In
one embodiment the debinding 1s performed at a temperature
from 350° C. to 550° C.

After the debinding, the green preform 1s sintered. The
debinding and sintering are performed by heating the part. In
one embodiment the debinding with subsequent sintering 1s
performed 1n one step. In one embodiment the sintering in
step (¢) 1s performed 1n an atmosphere comprising at least 99
wt % hydrogen. In one embodiment the sintering i1s per-
formed 1 an atmosphere comprising at least 99.9 wt %
hydrogen. In one embodiment the sintering 1s performed 1n an
atmosphere comprising essentially pure hydrogen.

In one embodiment the sintering 1n step (¢) 1s performed 1n
an atmosphere comprising hydrogen and methane. In one
embodiment the atmosphere comprises from 0.5 to 1.5 wt %
of methane. In one embodiment the atmosphere comprises
hydrogen and from 0.5 to 1.5 wt % of methane. In one
embodiment the atmosphere comprises hydrogen and from
0.5 to 1.5 wt % of nitrogen.

During the sintering step (c¢) the amounts of carbon, nitro-
gen and oxygen 1n the metal part will be improved. Oxygen 1s
an impurity which it is desired to remove to a suilicient extent.
In one embodiment the oxygen level i1s lower than 300
welght-ppm after the sintering step (¢). The hydrogen atmo-
sphere will achueve suitable values of the oxygen, carbon and
nitrogen i1mpurities together with the temperature and the
sintering time. Oxides of elements such as Fe and Cr are
reduced in a hydrogen atmosphere provided that the tempera-
ture and the dewpoint of the hydrogen are suitable. The tem-
perature should be sufficiently high so that the oxygen level in
the part decreases. Oxides on the surtace of the metal powder
are formed during handling, agglomeration, debinding etc of
the powder. If the temperature and dewpoint are not suitable
there will be no reduction of the surface oxide and this will
remain on the surface of the particles and may become a
fracture later when the part 1s subjected to stress. The surface
oxides are reduced in a hydrogen atmosphere to elemental
metal and water. During the sintering the dewpoint of the
hydrogen will increase during the reduction because of the
water from the reaction and then 1t will lower again.

Most of the oxygen 1s 1n the form of extremely fine slag
particles 1nside the metal particles and do little harm. A suit-
able temperature and dewpoint can be obtained from an
Ellingham diagram for every specific alloy.

In one embodiment the final oxygen level 1s lower than 500
weight-ppm. In an alternative embodiment the final oxygen
level 1s lower than 300 weight-ppm. In yet another embodi-
ment the final oxygen level 1s lower than 200 weight-ppm. In
a Turther embodiment the final oxygen level 1s lower than 100
weight-ppm. In yvet a further embodiment the final oxygen
level 1s lower than 50 weight-ppm. The sintering temperature
1s adapted to the material which is to be sintered keeping 1n
mind the need for decrease in the oxygen level. Examples of
temperatures for various materials in a hydrogen atmosphere
with a dewpoint of —-60° C. include but are not limited to about

1250° C.-1275° C. for stainless steel such as 316 L, about
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1150-1200° C. for heat-treatable steels, about 1200° C. for
carbon steel such as but not limited to 100Cr6, 42CrMo4, and

about 1150° C. for high speed steel such as but not limited to
ASP 2012®. ASP 2012® 1s a trademark of Erasteel and
denotes a powder-metallurgy high speed steel with high bend
strength. Routine experiments may be carried out to find the
optimum sintering temperature for a specific alloy so that
oxides are reduced below the desired value controlled by the
Ellingham diagram.

Regarding the sintering time, a skilled person can 1n the
light of this description by routine experimentation find a
suitable sintering time with regard to the size of the part.

In one embodiment the high velocity compaction in step d)
1s performed with a ram speed exceeding 2 m/s, and 1n an
alternative embodiment the high velocity compaction 1n step
d) 1s performed with a ram speed exceeding 5 m/s. In yet
another embodiment the high velocity compaction 1n step d)
1s performed with a ram speed exceeding 7 m/s. A high ram
speed has the advantage of giving the material improved
properties. Without wishing to be bound by any particular
scientific theories the mventor believes that the metal at the

boundaries between the metal particles melts to some extent
during the high velocity compaction and that this gives advan-
tageous connections between the metal particles after the
high velocity compaction.

In one embodiment the green preform has a temperature of
at least 200° C. immediately before the high velocity com-
paction 1n step d). In one embodiment the green preform 1s
heated to a temperature of atleast 200° C. immediately before
the high velocity compaction 1n step d). In one embodiment
the temperature of the green preform 1s adjusted to at least
200° C. immediately before the high velocity compaction 1n
step d). This has the advantage of decreasing the yield
strength and thereby the density can be further increased
and/or the lifetime of the tool may be increased. In one
embodiment the yield strength i1s during compaction 1is
decreased 15-20%.

In one embodiment the densification in step (e) 1s per-
formed using a method selected from the group consisting of
hot 1sostatic pressing and sintering. In one embodiment the
densification 1n step (e) 1s performed using both hot 1sostatic
pressing and sintering. The hot 1sostatic pressing and/or sin-
tering 1s performed under such conditions that the density
becomes higher than 99% TD. In one embodiment the den-
sification 1n step (e) 1s performed under such conditions that
the density becomes as high as possible.

In one embodiment the metal powder 1s made of at least
one metal selected from the group consisting of a stainless
steel, a tool steel, a carbon steel, a high speed steel, a nickel
alloy, and a cobalt alloy.

The geometry of the preform 1s 1n one embodiment calcu-
lated using the part to be manufactured as a starting point.
During the last densification 1n step (e) the shrinkage can be
estimated as

wherein D 1s the density of the part that has been compacted
with HVC 1n step (d). During the densification 1n step (e) the
shrinkage 1s relatively small and the density 1s relatively high,
thus the formula above can be used as a suiliciently good
approximation. The shrinkage during the final sintering is
approximately uniform 1n all directions.
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When the geometry of the part after the HVC 1n step (d) has
been calculated using the above formula, the geometry of the
part before HVC 1n step (d) 1s calculated using the formula
z.~Zryca. The constant a 1s related to the uniaxial compac-
tion ratio 1n step (d). Examples of typical values of a include
but are not limited to from 1.09 to 1.27. The geometry of the
part before HVC can be calculated using the assumption that
the compression during HVC takes place essentially 1n the
z-direction, 1.¢. the direction of the umaxial compression.

In order to be able to insert the preform into the cavity of the
HVC press a small space between the preform and the walls
of the tool should be allowed. In one embodiment this space
1s about 0.3 mm. In another embodiment the space 15 0.1-1.0
mm. I the powder 1s dispensed by weight, the correct amount
of powder for the final volume 1s dispensed and in such an
embodiment several mm can oiten be accepted as long as the
weilght 1s correct. It 1s an advantage of the method that the
space between the preform and the HVC-tool can be rather
large so that the msertion of the preform 1s simplified.

During the sintering 1n step (c¢) the shrinkage 1s very small
because of the relatively temperature. The temperature
should be held so low that essentially no shrinking occurs. In
one embodiment the shrinkage during the sintering 1n step c)
should not exceed 0.5% of the length. During the debinding
virtually no shrinkage occurs.

During the compaction step a) considerable shrinkage
occurs. [T uniaxial pressmg 1s used the shrmkage occurs along
the axis of compression and 1s calculated using the % TD of
the agglomerated spherical metal powder and the % TD after
the mni1tial compaction.

One non limiting example of a calculation of the shrinkage
of a part during the process 1s depicted in FIG. 2a-d. During
the calculation 1t can be assumed that the density of the final
part corresponds to 100% TD although 1n practice the density
may only reaches values very close to 100% TD such as for
example 99.8% TD or higher. The dimensions are determined
by the final part in FIG. 2a. The dimensions after the HVC but
betore the final sintering are calculated using the formula
above and are shown 1n FIG. 2b. The dimensions immediately
betore HVC are calculated assuming compression only along
the z-axis and with the formula z_=z;,,.--a, wherem a1s 1.118.
In FIG. 2¢ z_=1s 28.4 and 45.5+28.4. In FIG. 2b 7,,-~25.4
and 40.7+25.4. When calculating the dimensions of the part
immediately before HVC one option 1s to make the part
slightly smaller, such as 0.1-1 mm smaller 1n the x and vy
directions to make 1t easier to msert into the HVC tool. If CIP
1s used to perform the compaction in step a), the dimensions
of the CIP mold are calculated assuming that the part is
compressed 1n all directions. The compression 1s calculated
using the density of the agglomerated spherical metal powder
34% TD.

The final tolerances are essentially given by the HVC com-
paction, given the shrinkage during the final densification.
Thus the tolerances betore the HVC compaction are not very
critical as long as the preform {its into the HVC tool if only the
weight of the part 1s the desired weight.

During the compaction with HVC 1n step (d) the compac-
tion 1s made so that the relative compaction 1n the direction of
the compression 1s equal regardless of the height of the part.
Since the height of the preform 1s adapted according to the
formula z_=z,,,.-a, the lower areas and the higher areas ot the
part will experience approximately the same compression,
assuming the compression 1s roughly vertical 1.e. along the
z-ax1s. It 1s an advantage that the entire part experiences the
desired compression.

In one embodiment the HVC tool 1s equipped with an
ejector pin 1n order to eject the part aiter HVC compaction. If
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the tolerances of the parts allow the shape of the part 1s 1n one
embodiment made cone shaped with the wider part towards

the direction 1 which the part 1s gjected.

There 1s also disclosed an alternative method for the manu-
facture of a metal part, said method comprising the steps:

a. compacting agglomerated spherical metal powder using
CIP to a preform with a density such that an open poros-
1ty exists,

b. debinding the green preform,

c. sintering the green preform 1n an atmosphere comprising,
hydrogen with a dewpoint not exceeding —40° C.

d. compacting the green preform with high velocity com-
paction to a density of at least 95% TD,

¢. subjecting the part to densification to a density of at least
99% TD.

The above alternative method can be applied to any part and
not just a multilevel part.

Also 1n the alternative method the agglomerated spherical
metal powder 1s 1n one embodiment dispensed by weight for
cach part.

In one embodiment for the alternative method the density
of the green multilevel preform in step a) does not exceed
90% TD

In one embodiment for the alternative method the sintering,
in step ¢) 1s performed 1n an atmosphere comprising at least
99 wt % hydrogen. In another embodiment for the alternative
method the sintering in step ¢) 1s performed 1n an atmosphere
comprising hydrogen and methane. In a further embodiment
tor the alternative method the atmosphere comprises from 0.5
to 1.5 wt % of methane. In yet another embodiment for the
alternative method the atmosphere comprises from 0.5to 1.5
wt % of nitrogen.

In one embodiment for the alternative method the tempera-
ture of the green preform 1s adjusted to at least 200° C.
immediately before the high velocity compaction 1n step d).

In one embodiment for the alternative method the shape of
the part 1s cone-shaped with the wider part towards the direc-
tion in which the part 1s ejected.

In a second aspect there 1s provided a multilevel metal part
manufactured according to the method described above.

In one embodiment the multilevel metal part comprises at
least one metal selected from the group consisting of a stain-
less steel, a tool steel, a high speed steel, a nickel alloy, and a
cobalt alloy.

Other features and uses of the invention and their associ-
ated advantages will be evident to a person skilled 1n the art
upon reading the description and the examples. It 1s to be
understood that this imnvention 1s not limited to the particular
embodiments shown here.

EXAMPLES

The following examples are provided for illustrative pur-
poses and are not intended to limit the scope of the invention
since the scope of the present invention 1s limited only by the
appended claims and equivalents thereof.

Manufacturing of Agglomerated Particles

Spherical particles were obtained by pulverization with a
neutral gas of a stainless steel bath with the composition C
0.022%; 510.56%; Mn 1.25%; Cr17.2%; Mo 2.1%; N111.5%
corresponding to AISI 316 L. A batch of these particles was
prepared using a sieve, with a particle diameter not greater
than 150 microns. An aqueous solution with a base of deion-
1zed water was prepared, which contained about 30% by
welght of gelatin whose gelling strength 1s 50 blooms. The
solution was heated to between 50° C. and 70° C. to com-
pletely dissolve the gelatin.
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A mixture was made of 95 wt % of the tool steel particles
of diameters not greater than 150 microns and 5 wt % of the
aqueous gelatin solution, 1.e. 1.5% by weight of gelatin. In
order to wet the entire surface of the particles thorough mix-
ing was performed.

As the solution gradually cooled, a gel was formed. Some
of the water was allowed to evaporate by the blowing of atr,
and the mixture of pasty consistency was passed through a
sieve with an approximate mesh size of 450 microns. Gran-
ules were thus obtained. The granules were dried by air, and
then a second sieving stage was carried out 1 order to sepa-
rate the granules from each other and in order to calibrate
them by size by passing them through a sieve with a mesh size
of 400 microns.

The dried granules consisted of agglomerated spherical
metallic particles which were firmly bonded together by films
of gelatin. A small fraction of granules consisted of 1solated
spherical metal particles coated with gelatin.

Example 1
Comparative

A tooling was used having a space with two diameters
according to FIG. 2. The space was filled with the agglomer-
ated powder with a filling density of 3.2 g/cm®. The powder
was then pressed at 600 N/mm~ to a density of 84.5% of TD
(theoretical density) in a standard uniaxial hydraulic press.
Such a multilevel product i1s not possible to press in a high
speed pressing machine (HVC).

Before sintering, the perform was debinded, 1.e. the binder
was removed by heat treating 1n air at 500° C. with 30 minutes
holding time. Due to the removal of the binder and risk for
blistering effects the heating rate was limited to 200° C. per
hour.

The product was subsequently sintered in hydrogen at
1350° C. with a holding time of 1.5 hours at full temperature.
The final density was 99.5% of TD, 1.e. in principle tull
density. The mechanical values fulfilled the ASTM and EN
standard values for mechanical properties for wrought steel of
the same composition. Mimmum values for stainless steel
316 L according to ASTM are as follows:

Elongation %: min 40

Yield strength: min 200 N/mm”~

Tensile strength: min 480 N/mm?

Impact strength: 100 Joule longitudinal (Charpy v-notch test)

60 Joule transversal (Charpy v-notch test)

The tolerances were varying over the height, both depend-
ing of the shrinkage from 84.5 to 99.5% 1.D. and the differ-
ence 1n compacted green density. The density was varying
from top, to middle, to bottom: +2.5%, 0%, and -2.2%
respectively. The part 1s depicted in FIG. 3a.

Example 2

In the same tooling as in example 1, a similar product was
made and debinded. After debinding the product was sintered
at 1180° C. with a holding time of 0.5 hours. The density
increased during sintering from 84.5% to 86% of T.D. After
sintering the elongation was 3%. The sintered “preform” was
placed 1n the same cavity and pressed at high speed, HVC, to
a density of 95.5% of TD.

The pressed part was subsequently hot 1sostatic pressed at
1150° C. with a holding time of 2 hours to full density (99.9%
of TD). Due to the high density of the HVC-pressed perform.
The tolerances were excellent, see FIG. 35b. the density was
varying from top, to middle, to bottom: +0.2%, +0%, and
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+0.15% respectively. The mechanical properties were the
same as 1n the earlier test at full density, but with much better
tolerances which 1s important for a multilevel component.

Example 3

In another test cold 1sostatic pressing was made, at a pres-
sure of 3200 bar. The green density atter step a) was 80.5% of
T.D. After debinding and sintering as 1n example 2, the pre-
tform was HVC pressed to a density of 95.8% of T.D. and
subsequently hot 1sostatic pressed to full density, 1.e. more
than 99% '1D. The advantage with this operation 1s the low
pressure at the mitial pressing operation, which for istance
gives a much cheaper tooling cost where polyurethane tooling
1s used 1nstead of steel or cemented carbide tool due to the
longer life length of the tool. One explanation for the better
tolerances 1s the more even density of a HVC pressed body
over height, but also that the perform has a very uniform
density due to the cold 1sostatic pressing. This 1s a very
important feature, especially for multilevel products.

Example 4

A part of stainless steel 316 L according to FIG. 2a was
manufactured. The weight of the product 1s 2.18 kg. Com-
pensating for the added binder that corresponds to 2.21 kg of
added agglomerated spherical metal powder.

A mold was manufactured in polyurethane according to
FIG. 2d. This form was filled with agglomerated spherical
metal powder with a fill density of 2.75 g/cm”. (The theoreti-
cal density TD corresponds to 7.95% TD). The mold was
sealed. The mold was compressed using a cold 1sostatic press
at room temperature at 3800 bar to a density of 84.5% TD.
Because of the 1sostatic pressure the density becomes entirely
homogenous throughout the entire part. The dimensions of
the part after CIP are shown 1n FIG. 2c¢.

The binder 1n the compressed part was removed in a
debinding step and subsequently the part was sintered at
1275° C. 1n pure hydrogen for 1 hour. The density was mea-
sured and found to be 85.3% TD 1.e. almost unchanged den-
sity during the sintering step. An analysis with respect to
oxygen gave that the oxygen content was 125 weight-ppm
alter the sintering 1n step ¢). The oxygen level of the stainless
steel was 1mitially 136 weight-ppm.

Thereafter the part was compacted by high velocity com-
pactionin a high velocity press of the type Hydropulsor 35-18
to a density 01 95.7% TD. The energy of the compression was
14800 Nm.

Subsequently a compaction was made 1n a hot 1sostatic
press from Avure at a pressure of 1400 bar at 1150° C. The
density after the compaction was virtually 100% TD mea-
sured by utilizing Archimedes principle. A Charpy v-notch
test was performed and gave a value of 152 Joule.

The part was measured and had the following dimensions
and tolerances, see also FIG. 2a:

Diameter 1: 100 mm+0.25 mm-0.15 mm

Diameter 2: 50 mm+0.30 mm-0.10 mm

Total height 1n z-direction: 65 mm+0.40 mm-0.20 mm
The results are satisiactory.

Example 5

The same part as 1n example 4 was manufactured. The
compression step a) was performed by uniaxial pressing. The
pressure was 650 N/mm?*. The density after the initial com-
paction was measured and found to be 86.5% TD.
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The part was debinded and sintered as described in
example 4. The density was measured and found to be 87%
TD.

The part was compacted using high velocity compaction as
described 1n example 4. The density was measured and found
to be 95.2% TD.

The part was compacted using hot 1sostatic pressing as
described 1n example 4. The density was measured and found
to be virtually 100% TD.

The part was measured and had the following dimensions
and tolerances, see also FIG. 2a:

Diameter 1: 100 mm+0.95 mm-1.2 mm
Diameter 2: 50 mm+0.75 mm-0.76 mm
Total height 1n z-direction: 65 mm+1.5 mm-1.2 mm

The mechanical properties of the different parts from

example 4 and example 5 were measured:

Tensile strength Ultimate strength

Elongation % N/mm? N/mm?
Example 4 52 210 530
Example 5 51 215 545
In practice there 1s no diflerence between the two samples.
Example 6
Comparative

A part was manufactured by uniaxial pressing of agglom-
erated spherical metal powder of stainless steel 316 L. The
compression was performed at a pressure of 800 N/mm~. This
1s an accepted maximum value for industrial production of
parts with uniaxial pressing. The average density after com-
pression was measured and was found to be 89.5% TD. The
dimensions after uniaxial pressing are shown 1n FIG. 6.

The part was sintered at 1385° C. for 1 hour in hydrogen.
The density was measured and found to be 98.7% TD. The
part was sintered once again at 1385° C. for 2.5 hours in
hydrogen. The density was measured and found to be 98.9%
TD1.e. almost unchanged. The density was always measured
according to Archimedes.

Analysis sample showed that there were pores 1n the center
of the part. A mechanical test gave the following results:

Ultimate strength

N/mm?

Tensile strength

Elongation % N/mm?

42 195 460

Example 6

The part does not fulfill the EN-norm for stainless steel 316
L. for tensile strength and ultimate strength. The part dis-
played concavenesses and the variation in height was at cer-
tain areas up to 2 mm. The part 1s not acceptable, neither
regarding strength nor dimensions.

Example 7

A part was manufactured as 1n example 4. After debinding
the part was sintered 1n hydrogen at 1150° C. An analysis with
respect to oxygen gave that the oxygen content was 690
welght-ppm after the sintering in step ¢). Thereafter the part
was processed as 1n example 4. When the part was ready
another oxygen analysis was performed and i1t was found that
the oxygen content was 650 weight-ppm.



US 9,101,982 B2

13

A Charpy v-notch test was performed and gave a value of
92 Joule. A conventionally manufactured material of the same
quality has according to EN-norm a mimmum value of 100
Joule for longitudinal samples and 60 Joule for transverse
samples. In a material mate of powder the values are equal 1n
all direction because of the 1sotropy.

The mvention claimed 1s:

1. A method for the manufacture of a multilevel metal part,

said method comprising the steps:

a. compacting agglomerated spherical metal powder to a
green multilevel preform with a density such that an
open porosity exists, the agglomerated spherical metal
powder comprising a binder,

wherein the green multilevel preform has at least two diif-
ferent heights 1n z-direction in a three dimensional Car-
tesian coordinate system,

wherein the ratio between the highest height z, and the
lowest height z, (z,/z,) 1s at least 1.1,

wherein the green multilevel preform fulfils the relation

Zg:ZHVA' ",

for all points 1n the xy-plane,

wherein z,, 1s the variable height in z-direction of the green
multilevel preform,

wherein z,,,-~1s the variable height in z-direction of the part
after high velocity compaction 1n step (d), and
wherein a 1s a constant related to the compaction ratio

b. debinding the green preform,

c. sintering the green preform 1n an atmosphere comprising,
hydrogen with a dewpoint not exceeding —40° C.,

d. compacting the sintered preform umiaxially along the
z-ax1s with high velocity compaction to a density of at
least 95% TD, and

¢. subjecting the part to densification to a density of at least
99% TD, wherein the densification 1s performed using
hot 1sostatic pressing.

2. The method according to claim 1, wherein the compac-
tion 1n step a) 1s performed using a method selected from the
group consisting ol umiaxial pressing, and cold 1sostatic
pressing.
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3. The method according to claim 2, wherein the compac-
tion 1n step a) 1s performed using cold isostatic pressing.

4. The method according to claim 3, wherein the agglom-
erated spherical metal powder 1s dispensed by weight for each
part.

5. The method according to claim 1, wherein the compac-

tion 1n step a) 1s performed with a pressure not exceeding
1000 N/mm~.

6. The method according to claim 1, wherein the compac-
tion 1n step a) 1s performed with a pressure not exceeding 600
N/mm~.

7. The method according to claim 1, wherein the density of

the green multilevel preform 1n step a) does not exceed 90%
TD.

8. The method according to claim 1, wherein the sintering,
in step ¢) 1s performed in an atmosphere comprising at least
99 wt % hydrogen.

9. The method according to claim 1, wherein the sintering,
in step ¢) 1s performed 1n an atmosphere comprising hydrogen
and methane.

10. The method according to claim 9, wherein the atmo-
sphere comprises from 0.5 to 1.5 wt % of methane.

11. The method according to claim 1, wherein the atmo-
sphere comprises from 0.5 to 1.5 wt % of nitrogen.

12. The method according to claim 1, wherein the high
velocity compaction 1n step d) 1s performed with a ram speed
exceeding 2 m/s.

13. The method according to claim 1, wherein the high
velocity compaction 1n step d) 1s performed with a ram speed
exceeding 5 m/s.

14. The method according to claim 1, wherein the tempera-
ture of the sintered preform is adjusted to at least 200° C.
immediately before the high velocity compaction 1n step d).

15. The method according to claim 1, wherein said metal
powder comprises at least one metal selected from the group
consisting of a stainless steel, a carbon steel, a tool steel, a
high speed steel, a nickel alloy, and a cobalt alloy.

16. The method according to claim 1, wherein the shape of
the part 1s cone-shaped with the wider part towards the direc-
tion 1n which the part 1s ejected.
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